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The e�ect of annealing at di�erent temperatures between Tg and Tc on the AC conductivity and dielectric
properties was studied for Se70Te15Bi15 �lms grown by thermal evaporation technique. The �lms were characterized
by X-ray di�raction, di�erential thermal analysis, and energy dispersive X-ray spectroscopy. X-ray di�raction
analysis shows the occurrence of amorphous to polycrystalline transformation for �lms annealed at annealing
temperature Ta ≥ 473 K. AC conductivity σAC(ω) was studied as a function of Ta, frequencies (0.1�100 kHz) and
working temperatures (303�393 K). It was found that σAC(ω) obeyed Aωs law. According to the values of s and its
temperature dependence, the AC conduction mechanism was determined in terms of the correlated barrier hopping
and quantum mechanical tunneling models for the as deposited and annealed �lms, respectively. The DC and AC
activation energies were determined as a function of Ta. Values of dielectric constant ε1 and dielectric loss ε2 were
found to increase with increasing Ta. A Debye-like relaxation of dielectric behavior was observed for polycrystalline
�lms, and was found to be a thermally activated process.
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1. Introduction

Great attention has been given to chalcogenide glasses
in recent year, mainly due to their wide range of appli-
cations in solid state devices both in scienti�c and tech-
nological �elds [1, 2]. Se is one of the most important
chalcogen elements which has applications in electropho-
tography. The pure Se has some disadvantage due to its
short life time and low sensitivity, which can be improved
by incorporating elements such as Te. Se�Te alloys are
widely used for various applications in many �elds as op-
tical recording media and electrographical applications.
The composition Se85Te15 has been studied by several au-
thors [3�5] because of its ease of fabrication in the bulk a
thin �lm forms. The addition of impurities like Bi is par-
ticularly of much interest as it has produced a change in
optical, electrical and thermal properties of Se�Te chalco-
genide glasses [6�8].
A lot of work has been done on ternary chalcogenide

glasses having Se�Te�Bi composition [9�11]. Determina-
tion of AC conductivity mechanism of materials is very
important, which represents an experimental method to
obtain information about the existence and location of
localized states in chalcogenide glasses.
There are various models which have been proposed

to make clear the conduction mechanisms in amorphous
semiconductors. These models are quantum-mechanical
tunneling (QMT) model [12, 13], small polaron tun-
neling model (SPTM) [14, 15], large polaron tunnel-
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ing model (LPTM) [14] and correlated barrier hopping
(CBH) model [16�18]. Dielectric analysis measurements
give information about the electrical characteristic of ma-
terials such as the insulating nature which represents
its ability to store electrical charge and the conductive
nature, which represents its ability to transfer electrical
charge [19] in addition to the study of the dielectric relax-
ation which is very important to understand the nature
of dielectric losses in the material. The thermal processes
are known to be important in inducing crystallization in
semiconducting chalcogenide glasses.
The aims of this work are: (1) study of the e�ect

of heat treatment on the structure, electric and dielec-
tric properties for thermal evaporated Se70Te15Bi15 �lms.
(2) Study of the working temperature and frequency de-
pendence of AC conductivity, dielectric constant and di-
electric loss for as-deposited and annealed Se70Te15Bi15
�lms. (3) Discussion of the obtained results according
to di�erent models of AC conductivity for chalcogenide
glasses.

2. Experimental techniques

Glassy alloy of Se70Te15Bi15 was prepared by quench-
ing technique. High purity (99.999%) materials are
weighted according to their atomic percentage, and
sealed in dry silica tube under a vacuum of 10−5 Pa. The
ampoule is placed in the stable zone of an oscillatory fur-
nace. The ampoule temperature was raised from that of
the room temperature slowly at a rate of 3�4 K/min to
1273 K [8] and held at this temperature for 15 h, during
heating, the ampoule was constantly rocked to obtain
homogeneous glassy alloy. Then molten material was
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quenched in an icy-water. Films with di�erent thick-
nesses of Se70Te15Bi15 were obtained by thermal evap-
oration under vacuum 2 × 10−5 Pa from bulk material
onto clean glass substrates. The substrate temperature
was held at that of room temperature (below 50 ◦C) dur-
ing the deposition process. Film thickness was measured
by Tolansky's interferometric method [20]. The chemical
composition of the investigated samples was checked by
energy dispersive X-ray (EDX) analysis using a (JEOL
5400) scanning electron microscope. X-ray di�raction
(XRD) analysis was used to investigate the structure
of the composition in thin �lm form. The structural
identi�cation was con�rmed also by di�erential thermal
analysis (DTA) thermogram. For ac measurements �lms
were sandwiched between two aluminum electrodes of a
suitable thickness (500 nm). A programmable automatic
RLC bridge (PM 6304Phillips) was used to measure the
sample impedance Z, the sample capacitance C and loss
tangent tan δ directly. All investigated samples were rep-
resented on the screen of the bridge by a resistance R
connected in parallel with capacitance C. The total con-
ductivity σtot(ω) is given by σtot(ω) = 1

Z
L
A , where L is

the sample thickness and A is the sample cross-section
area. The dielectric constant ε1 was calculated by apply-
ing the relation ε1 = C

ε0
L
A , where ε0 is the permittivity of

free space (ε0 = 8.85 × 10−12 F/m). The dielectric loss
ε2 was calculated from the relation ε2 = ε1 tan δ where
δ = 90 − φ, φ is the phase angle. Film samples were an-
nealed at di�erent temperature (423 and 473 K) for 2 h.
The temperature of the sample was recorded by means
of digital multimeter (Protec 81) provided by a chromel�
alumel thermocouple adjacent to the sample.

3. Results and discussion
3.1. Structural investigation

X-ray di�raction patterns of as-deposited Se70Te15Bi15
�lms showed that the as-deposited �lms are of amorphous
nature as shown in Fig. 1a for �lm thickness 380 nm as
a representative example. To investigate the e�ect of an-
nealing temperatures on the structure of Se70Te15Bi15
�lms. Di�erent thicknesses were annealed for 2 h at
423 and 473 K, Fig. 1b,c shows X-ray di�raction pat-
terns of the annealed �lms. The absence of sharp struc-
tural peaks for annealed �lms at annealing temperature
Ta = 423 K con�rms the amorphous nature while the
presence of sharp structural peaks for annealed �lms at
Ta = 473 K con�rms the polycrystalline nature of these
annealed �lms. The same results were obtained for all
thicknesses in the range 688�219 nm.
DTA was carried out at a constant rate of 10 K/min,

which was used for measuring the glass transition and
crystallization temperatures for bulk samples. The ob-
tained glass transition and crystallization temperatures
are 123 and 210 ◦C. It must be noticed that the annealing
temperatures were taken in between the glass transition
and crystallization temperatures of the prepared samples.
EDX spectrum analysis using a scanning electron mi-

croscope (JEOL 5400) of as-deposited and annealed
Se70Te15Bi15 �lms have shown that the composition of

Fig. 1. X-ray di�raction patterns for (a) as-deposited,
(b) Ta = 423 K, (c) Ta = 473 K Se70Te15Bi15 �lms of
thickness 380 nm.

�lms near Se70Te15Bi15 as shown in Table I, which indi-
cated that the annealing process of �lms does not a�ect
their composition. Figure 2 shows the EDX spectrum for
the as-deposited Se70Te15Bi15 �lm of thickness 219 nm
as a representative example.

Fig. 2. EDX spectrum for as-deposited Se70Te15Bi15
�lm of thickness 219 nm.

TABLE I
Elemental analysis of Se70Te15Bi15 (at.%).

Element
As-deposited

�lms
Annealed �lms
at Ta = 423 K

Annealed �lms
at Ta = 473 K

Se 71.05 70.37 71.53

Te 14.61 14.72 14.06

Bi 14.34 14.91 14.41

Total 100 100 100

3.2. Frequency and temperature dependence
of AC conductivity

AC conductivity σAC(ω) is related to the total conduc-
tivity σtot(ω), and DC conductivity σDC according to the
relation [21]:

σAC(ω) = σtot(ω) − σDC. (1)

It was found that the measured σtot(ω) increases by
about 3�4 orders of magnitude of σDC. Thus, the mea-
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sured values of σtot(ω) in obtained results will be consid-
ered the typical values of σAC(ω).
The AC conductivity σAC(ω) increases with frequency

according to the following equation [21]:

σAC(ω) = Aωs, (2)

where s is the frequency exponent, A is a constant and
ω is the angular frequency.
The variation of σAC(ω) with frequency in the range

0.1�100 kHz was studied, for as-deposited and annealed
Se70Te15Bi15 �lms (Ta = 423 and 473 K) at di�erent
working temperatures (303�393 K). Figure 3a�c depicts
the frequency dependence of σAC(ω) at di�erent working
temperature for the as deposited and annealed �lms with
similarly the same thickness (445 nm) as a representative
example. It can be inferred that at any working tempera-
ture σAC(ω) increases linearly with increasing frequency
for all �lms with di�erent Ta. Values of the frequency
exponent s were estimated from the slopes of straight
lines in Fig. 3. The calculated values of s were found
decreased with increasing temperature (1 > s > 0.6) for
pre-crystalline �lms, as shown in Fig. 4, and temperature
independent with a nearly constant value (s ≈ 0.81) for
polycrystalline �lms.

Fig. 3. Frequency dependence of the ac conductivity
σac(ω) for (a) as-deposited, (b) Ta = 423 K, (c) Ta =
473 K Se70Te15Bi15 �lms of nearly the same thickness
(445 nm) at di�erent temperatures.

The room temperature σAC(ω) was drawn vs. lnω for
as-deposited and annealed Se70Te15Bi15 �lms at di�erent
Ta in Fig. 5. It is observed from this �gure that σAC(ω)
at any frequency increases with increasing annealing tem-
perature. The same results were obtained when this re-
lation was studied at elevated working temperatures.
Di�erent models have been proposed to interpret the

AC electrical conduction depending on the values of the

Fig. 4. Temperature dependence of the frequency ex-
ponent s for pre-crystalline Se70Te15Bi15 �lms.

Fig. 5. Frequency dependence of room temperature
σac(ω) for as-deposited and annealed Se70Te15Bi15 �lms.

frequency exponent s and its temperature dependence.
The CBH model proposed by Elliott [16] has been applied
to the chalcogenide glasses semiconductors. According
to this model, values of the frequency exponent s ranged
from 0.7�1 at room temperature and decreased with in-
creasing temperatures. This model is in good agreement
with the obtained results for pre-crystalline Se70Te15Bi15
�lms (as-deposited and annealed �lms at Ta = 423 K).
Therefore the frequency dependence of σAC(ω) for pre-
-crystalline Se70Te15Bi15 �lms can be explained in terms
of CBH model. According to CBH model the conduc-
tion occurs via a bipolaron hopping process where two
polarons simultaneously hop over the potential barrier
between two charged defect states D+ and D−. The bar-
rier height is correlated with the inter-site separation via
a Coulombic interaction. Hence the exponent s obeying
the following equation [22, 23]:

s = 1 − 6kT

WM − kT ln
(

1
ωτ0

) , (3)

where WM is the maximum barrier height of in�nite sep-
aration which is called the energy polaron binding, k is
the Boltzmann constant, T is absolute temperature and
τ0 � characteristic relaxation time which is in the order
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of atom vibrational periodic ≈ 10−13 s. For large value
of WM

kT , Eq. (3) can be rewritten as

s = 1 − 6kT

WM
. (4)

For neighboring sites of separation R, the Coulomb wells
overlap, resulting in the lowering of the e�ective barrier
fromWM to valueWh, which for the case of a single elec-
tron transition is given by

Wh = WM − e2

πε0ε1R
, (5)

where the hopping distance R is given by the following
equation:

R =
e2

πε0ε1

[
WM − kT ln

(
1
ωτ0

)] , (6)

and the lower bound (cut-o�) to hopping distance be-
comes

Rmin =
e2

πε0ε1WM
, (7)

where e is the electron charge, ε1 � the dielectric con-
stant and ε0 � the permittivity of air. The calcu-
lated values of WM and Rmin parameters are 0.296 and
0.230 eV, and 3.24 × 10−10 and 2.78 × 10−10 m for as-
-deposited and annealed (Ta = 423 K) Se70Te15Bi15
�lms, respectively.

Another model was suggested by Austin and Mott [24],
who assumed that conduction occurs by means of a ther-
mally assisted QMT model [25]. According to this model
the exponent s is given by the following relation [26]:

s = 1 − 4

ln
(
υ0
ω

) , (8)

where s is almost equal to 0.81 independent of temper-
ature. Therefore, QMT model is considered applicable
to the obtained results for polycrystalline Se70Te15Bi15
�lms.

The working temperature dependence of σAC(ω) was
studied for as-deposited and annealed Se70Te15Bi15 �lms
at di�erent frequencies. Figure 6a�c depicts the plot
of lnσAC(ω) vs. 1000/T for as-deposited and annealed
Se70Te15Bi15 �lms at di�erent frequencies. It can be in-
ferred from these �gures that σAC(ω) was increased lin-
early with the reciprocal of temperature with one slope
giving single small values of activation energy dependence
of frequency. To clarify the temperature dependence of
σAC(ω), Fig. 6d shows the plot of lnσAC(ω) vs. 1000/T
for �lms at 0.1 kHz as a representative example. This
mechanism is due to hopping between states near the
mobility edges where the density of states is not con-
stant. The same results are obtained for other chalco-
genide compositions [27]. The above relation is di�erent
from the nonlinear relation obtained for some composi-
tions [28, 19].

The obtained results suggested that σAC(ω) is a ther-
mally activated process from di�erent localized states in
the gap or its tails using the well-known equation

Fig. 6. Temperature dependence of the ac conductiv-
ity σac(ω) (a) as-deposited, (b) Ta = 423 K, (c) Ta =
473 K, (d) as-deposited at 0.1 kHz, for Se70Te15Bi15
�lms of nearly the same thickness (445 nm) at di�erent
frequencies.

Fig. 7. Frequency dependence of ∆Eσ(ω) for as-
-deposited and annealed Se70Te15Bi15 �lms. Inset �g-
ure shows the annealing temperature dependence of
∆Eσ(ω) at di�erent frequencies.

σAC(ω) = σ0 exp

(
−∆Eσ(ω)

kT

)
, (9)

where σ0 is pre-exponential factor and ∆Eσ(ω)
is the AC electrical conduction activation en-
ergy. The calculated values of ∆Eσ(ω) were
0.11 eV>∆Eσ(ω)>0.052 eV, 0.108 eV>∆Eσ(ω)>0.03 eV
and 0.072 eV>∆Eσ(ω)>0.01 eV for as-deposited annea-
led Se70Te15Bi15 �lms at Ta=423 and 473 K, respectively.
The lower values of ∆Eσ(ω) indicate that the electric
conduction takes place by hopping of charge carriers
between the defect states near the Fermi level. Values
of DC electrical conduction activation energy ∆Eσ(DC)
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can be obtained by extrapolation of the frequency
dependence of ∆Eσ(ω) to zero frequency. Values of
∆Eσ(ω), ∆Eσ(DC) and lnσ0 were listed in Table II for
as-deposited and annealed Se70Te15Bi15 �lms.
The frequency dependence of ∆Eσ(ω) for the investi-

gated �lms is shown in Fig. 7. It is clear that ∆Eσ(ω)
decreases with increasing frequency as well as increasing
Ta as shown in inset of Fig. 7. This may be attributed
to the increase of applied �eld frequency which enhances
the electronic jump between localized states [27].

TABLE II

Values of the activation energy and pre exponent factor for as-deposited and annealed Se70Te15Bi15 �lms at di�erent Ta.

Frequency

[kHz]

As-deposited �lms Films annealed at Ta = 423 K Films annealed at Ta = 473 K

∆Eσ [eV] lnσ0 (σ0 [Ω−1 m−1]) ∆Eσ [eV] lnσ0 (σ0 [Ω−1 m−1]) ∆Eσ [eV] lnσ0 (σ0 [Ω−1 m−1])

0 0.196 0.188 0.14

0.1 0.11 −12.5 0.108 −10.5 0.072 −13.1

0.5 0.105 −11.9 0.095 −10.2 0.06 −11.4

1 0.091 −11.21 0.086 −10.1 0.056 −10.8

5 0.083 −9.95 0.071 −9.7 0.035 −9.8

10 0.078 −9.4 0.054 −9.1 0.022 −9.5

15 0.072 −9.3 0.036 −8.8 0.013 −9.38

20 0.063 −8.95 0.031 −8.7 0.012 −9.17

100 0.052 −7.6 0.024 −7.39 0.011 −8.1

The same behavior was obtained for ∆Eσ(DC) with
annealing temperature as shown in Table II. The increase
in the electrical conductivity and consequently, a de-
crease in the activation energy with thermal annealing
above Tg can be interpreted by assuming the produc-
tion of surface dangling bonds around crystallites [29].
Heat treatment causes the crystallites to breakdown into
smaller crystals increasing the number of surface dangling
bonds. As the number of dangling bonds and defects
increase, the concentration of localized states increases
with an increase in annealing temperature decreasing the
activation energy. The discrepancy between DC and AC
activation energy is expected since the charge carriers in
the DC conduction would choose the easiest paths which
include the same large jumps, while this is not so impor-
tant with ac conduction [30].

3.3. Frequency and temperature dependence
of the dielectric constant ε1

Figure 8a illustrates the variation of the dielectric con-
stant ε1 with frequency at di�erent working tempera-
tures for as-deposited Se70Te15Bi15 �lms. One can ob-
serve that, in general ε1 decreases with increasing fre-
quencies, at low frequencies, the dielectric constant ε1
shows dispersive behavior and rises rapidly as a work-
ing temperature increases, a strong dispersion is also ob-
served at frequency below 1 kHz. This can be attributed
to the fact that as the frequency increases, the variation
in the �eld becomes too rapid for the molecular dipoles
to follow, so that their contribution to the polarization
becomes less with a measurable lag because of internal
orientional forces [31]. It is clear also that at a constant

frequency ε1 increases with increasing working temper-
ature. This behavior can be attributed to the fact that
the orientional polarization is connected with the thermal
motion of molecules, so the dipoles cannot orient them-
selves at low temperature. If the temperature increases,
the orientation of dipoles is facilitated and this increases
the values of orientational polarization increasing the di-
electric constant ε1 [32].

Fig. 8. (a) Frequency dependence of the dielectric con-
stant ε1 for as-deposited Se70Te15Bi15 �lms at di�erent
working temperatures. (b) Frequency dependence of
room temperature dielectric constant ε1 for as-deposited
and annealed Se70Te15Bi15 �lms.

Figure 8b shows the frequency dependence of the ε1
measured at room working temperature as a representa-
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tive example for as-deposited and annealed Se70Te15Bi15
�lms. It is clear that for any frequency ε1 increases with
increasing annealing temperature. The same result was
obtained at evaluated working temperature.

3.4. Frequency and temperature dependence
of the dielectric loss ε2

Figure 9a and b shows the frequency dependence of
dielectric loss ε2 for pre-crystalline Se70Te15Bi15 �lms
at di�erent working temperatures for similar thickness
445 nm as a representative example. It is clear that
ε2 decreases with increasing frequency, which can be at-
tributed to the fact that the migration of ions in the
glass is the main source of the dielectric loss at low
frequencies. Accordingly, the dielectric loss at low and
moderate frequencies is characterized by high values of
ε2 due to the contribution of ion jump and conduction
loss of ion migration, in addition to the ion polariza-
tion loss. However, at high frequencies, the ion vibra-
tions may be the only source of dielectric loss [27]. It
is clear also that at any frequency ε2 increases with in-
creasing working temperatures, which can be interpreted
by Stevels [33], who divided the relaxation phenomenon
into three parts, conduction losses, dipole losses and vi-
brational losses. At low temperatures conduction losses
have minimum value, as the temperature increases the
electrical conduction losses increase, which increases the
values of ε2 with increasing temperature. The frequency
dependence of ε2 for polycrystalline Se70Te15Bi15 �lms
annealed at Ta = 473 K is shown in Fig. 10 at di�erent
working temperatures. Peaks in the ε2 were observed at
given frequencies indicating the characteristic feature of
Debye-type relaxation process and as the temperature in-
creases the peak shifts to higher frequency. These curves
observed in Fig. 10 were called the Debye curves and
they are symmetrical around ωm, where ωm is the an-
gular frequency corresponding to maximum observation,
ωm = 2πfmax, where fmax is the relaxation frequency
which is given by the following formula [34]:

fmax = 1/2πτ, (10)

where τ is the relaxation time.
Figure 11 shows the temperature dependence of the

relaxation time τ as ln τ vs. 1000/T according to the fol-
lowing equation [35]:

τ = τ∞ exp

(
E0

kT

)
, (11)

where τ∞ is the relaxation time at �nite temperature and
E0 is the activation energy for relaxation. The calculated
values of τ∞ and E0 are 8.38 × 10−6 s and 0.058 eV,
respectively. One can observe that the Debye type re-
laxation did not appear in as-deposited and annealed
Se70Te15Bi15 �lms at Ta = 423 K (precrystalline �lms),
while it was observed for annealed Se70Te15Bi15 �lms at
Ta = 473 K (polycrystalline �lms). This behavior may be
attributed according to Guintini et al. [36] to dielectric
loss in chalcogenide glasses. This model is based on El-
liott's idea [16] of hopping of charge carriers over a poten-
tial barrier between charged defect states (D− and D+).

Fig. 9. Frequency dependence of the dielectric loss ε2
for (a) as-deposited �lms, (b) annealed �lms at Ta =
423 K of nearly the same thickness 445 nm at di�erent
temperatures.

Fig. 10. Frequency dependence of the dielectric loss ε2
for annealed Se70Te15Bi15 �lms (Ta = 473 K) at di�er-
ent temperatures.

Each pair forms dipoles with a relaxation time depend-
ing on activation energy [37]. More dipoles in a stud-
ied �lms can be obtained with increase of the defects of
states [38], which occurs as a result of annealing process.
During this process the unsaturated bonds annealed out
[39] producing many saturated bonds increasing the value

Fig. 11. The temperature dependence of the relaxation
time τ for annealed Se70Te15Bi15 �lms at Ta = 473 K.
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of density of states for annealed �lms. According to the
above explanation the change of σac(ω), ε1, ε2, s, ∆E(ω)
for as-deposited and annealed Se70Te15Bi15 �lms can be
discussed.

4. Conclusion

Amorphous �lms of Se70Te15Bi15 were prepared by
thermal evaporation technique, then annealed at di�er-
ent annealing temperatures Ta to obtain an amorphous
to polycrystalline transformation at Ta ≥ 473 K. Fre-
quency and working temperature dependence of σac(ω)
were studied for as-deposited and annealed �lms. The
temperature dependence of the frequency exponent s
con�rmed the applicability of CBH model for amorphous
�lms and QMT model for polycrystalline �lms. DC and
AC activation energies were found to be decreased with
increase of annealing temperature. Both dielectric con-
stant and dielectric loss increase with increasing working
as well as annealing temperature and decrease with in-
creasing frequency. A Debye-like relaxation in the dielec-
tric loss was observed for polycrystalline �lms with a peak
at maximum frequency ωm shifted to higher frequency
with increasing temperatures in the Debye curves. The
temperature dependence of relaxation time was studied
to determined the activation energy for relaxation E0.
The change of σac(ω), ε1, ε2, s, ∆E(ω) as a function of
Ta can be explained according to increase of the density
of localized states during annealing process.
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